Background-Surveillance conventional coronary angiography (CCA) is recommended 2 to 6 months after stentsupported left main coronary artery (LMCA) percutaneous coronary intervention due to the unpredictable occurrence of in-stent restenosis (ISR), with its attendant risks. Multislice computed tomography (MSCT) is a promising technique for noninvasive coronary evaluation. We evaluated the diagnostic performance of high-resolution MSCT to detect ISR after stenting of the LMCA. Methods and Results-Seventy-four patients were prospectively identified from a consecutive patient population scheduled for follow-up CCA after LMCA stenting and underwent MSCT before CCA. Until August 2004, a 16-slice scanner was used (nϭ27), but we switched to the 64-slice scanner after that period (nϭ43). Patients with initial heart rates Ͼ65 bpm received ␤-blockers, which resulted in a mean periscan heart rate of 57Ϯ7 bpm. Among patients with technically adequate scans (nϭ70), MSCT correctly identified all patients with ISR (10 of 70) but misclassified 5 patients without ISR (false-positives). Overall, the accuracy of MSCT for detection of angiographic ISR was 93%. The sensitivity, specificity, and positive and negative predictive values were 100%, 91%, 67%, and 100%, respectively. When analysis was restricted to patients with stenting of the LMCA with or without extension into a single major side branch, accuracy was 98%. When both branches of the LMCA bifurcation were stented, accuracy was 83%. For the assessment of stent diameter and area, MSCT showed good correlation with intravascular ultrasound (rϭ0.78 and 0.73, respectively). An intravascular ultrasound threshold value Ն1 mm was identified to reliably detect in-stent neointima hyperplasia with MSCT. Conclusions-Current MSCT technology, in combination with optimal heart rate control, allows reliable noninvasive evaluation of selected patients after LMCA stenting. MSCT is safe to exclude left main ISR and may therefore be an acceptable first-line alternative to CCA. (Circulation. 2006;114:645-653.)
M ultislice computed tomography coronary angiography (MSCTA) is a promising noninvasive coronary imaging modality. 1, 2 Although several reports have shown that it may be used to evaluate stent patency, more precise evaluation of the lumen within the stent is markedly hindered by artificial enlargement of the metallic stent struts caused by blooming artifact. 3 The impact of blooming artifact on the evaluation of structures inside stents is inversely related to stent diameter. 4 In large-diameter coronary stents, such as
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those implanted in the left main coronary artery (LMCA) or proximal left anterior descending artery (LAD), neointimal hyperplasia (NIH) within the stent can be visualized on multislice computed tomography (MSCT), demonstrating its potential for the detection of in-stent restenosis (ISR), in addition to stent patency, in specific lesion subsets. 5 Although CABG surgery is still the recommended treatment for significant left main (LM) disease, the introduction of drug-eluting stents (DES) with much lower restenosis rates has increasingly resulted in the alternative use of percutaneous coronary intervention (PCI). 6, 7 However, LM ISR still occurs with DES and may result in fatal myocardial infarction or sudden death. 8 -10 Careful surveillance, including routine coronary angiography at 2 to 6 months after PCI, is therefore strongly recommended. 11 A noninvasive method to detect ISR and to potentially preempt its clinical consequences would be of evident clinical value. In the present study, we evaluated the potential of MSCT for detecting LM ISR.
Methods

Patient Selection
Between March 2004 and November 2005, we screened 91 consecutive patients scheduled for follow-up coronary angiography after LMCA stenting for inclusion in a protocol to compare MSCT with conventional angiography. In addition, most patients also underwent intravascular ultrasound (IVUS) evaluation of the LMCA. All patients in sinus rhythm who were able to hold their breath for 20 seconds were eligible for inclusion. We excluded patients with the following: previous allergic reaction to contrast, impaired renal function (serum creatinine Ͼ1.6 mg/dL), contraindication to ␤-blockers (high-degree heart block, poor left ventricular function, asthma, or severe chronic obstructive pulmonary disease), obesity (body mass index Ͼ30 kg/m 2 for patients scanned with the 16-row MSCT scanner), and those who had an acute coronary syndrome at the time of scheduled angiography. The institutional review board of Erasmus MC Rotterdam approved the study, and all subjects gave informed consent.
MSCT Protocol and Image Acquisition
MSCT was performed in the fortnight before conventional angiography. Patients with a heart rate Ͼ65 bpm received 100 mg of metoprolol orally 1 hour before the scan. Up to July 2004, MSCT data were acquired with a 16-slice MSCT scanner (Sensation 16, Siemens, Germany). From August 2004 on, all scans were performed with a 64-slice MSCT scanner (Sensation 64, Siemens). A bolus of 100 mL of contrast (iodixanol, 320 mg of iodine per 1 mL [mgI/mL]; Visipaque, Nycomed, Inc, Princeton, NJ) was injected intravenously at 4 to 5 mL/s. MSCT data were acquired during a single breath hold once the contrast material in the ascending aorta reached a predefined threshold of 100 Hounsfield units. The 16-slice MSCT scanner had the following scan parameters: detector collimation 16ϫ0.75 mm, table feed 3.0 mm per rotation, gantry rotation time 
MSCT Data Analysis
Two experienced observers, unaware of the results of conventional angiography, evaluated the MSCT data sets on both the original axial images and on multiplanar reformatted reconstructions rendered orthogonal and perpendicular to the vessel course. In the case of LM bifurcation stenting, each of the 3 segments (LM, LAD, and circumflex artery [CX]) was evaluated individually. To assess significant restenosis (Ն50% decrease of lumen diameter as defined by angiography), we evaluated the stent in the LMCA and, where applicable, in related branches, including the 5-mm borders proximal and distal to the stent. The stent lumen was visually evaluated as (1) patent with no visible NIH, (2) patent with nonobstructive (Ͻ50% lumen diameter) NIH, (3) patent with obstructive (Ͼ50% lumen diameter) NIH, ie, restenosis, and (4) occluded. Disagreements were resolved by consensus. Where a single stent was placed across the LM bifurcation into the LAD or CX, with no intervention, or solely with balloon dilatation in the other branch, we also evaluated the proximal 5 mm of the untreated side branch unless a functional bypass graft was attached to the nonstented branch. For comparison with IVUS, stent area and diameter at the proximal and distal stent edge and at the ostium of LAD and CX were measured in cross-sectional orthogonal image planes. The degree of luminal narrowing was quantified in the cross section with Restenosis of the ostium of the CX 6 months after stenting of the distal LM (crush technique): 3 overlapping stents had been placed from the LM to mid-LAD (3.5ϫ24, 3.5ϫ8, and 2.75ϫ28 mm) and 2 overlapping stents toward the CX (each with a dimension of 3ϫ20 mm). A, 64-slice MSCT coronary angiogram (volume-rendered 3D image). The stents in LM, LAD, and CX are clearly delineated (arrows). B, Corresponding CCA with restenosis in proximal CX (arrow). C and D, Curved multiplanar reconstructions of CX and LAD with ISR of the proximal CX. Cross section 2, with inset, illustrates the ISR, which appears as hypoattenuating tissue within the stent, reducing the stent lumen diameter by Ͼ50%. The proximal stent edge in the LM shows nonobstructive plaque with Ͻ50% reduction of the normal contrast-enhanced lumen (C, cross section 1, with inset). The cross section discloses a large plaque (between the arrowheads) with a calcified (outer rim) and noncalcified (inner rim) component. The bright zone represents the lumen. This was confirmed by CCA (B, arrowhead). Simple stenting group includes patients who underwent stenting of the LM stem only or stenting of the distal LM extending into a single major side branch. The complex bifurcation stenting group comprises patients in whom the LM stem and both the LAD and CX were stented. Values in parentheses are 95% CIs. maximum stenosis as percent diameter and area stenosis by calculating the ratio of the minimal lumen diameter or area by the stent diameter or area.
Angiographic Analysis
Conventional x-ray coronary angiography was performed with standard techniques after intracoronary injection of 2 mg of isosorbide dinitrate. Care was taken to ensure that the same views of the LM were obtained as at the time of intervention. An experienced cardiologist, unaware of the results of MSCT, analyzed all angiographic data quantitatively, using validated, automated, edgedetection software (CAAS II, Pie Medical, Maastricht, Netherlands). With the outer diameter of the catheter tip, not filled with contrast, as the calibration standard, we measured from multiple projections in diastole the minimal lumen diameter, the reference diameter, and the percentage diameter stenosis of the LMCA and, where indicated, the LAD and CX; the averaged results were recorded. Binary angiographic restenosis was defined as percentage diameter stenosis Ն50% anywhere within the stent or within the 5-mm segments proximal or distal to the stent margins. This definition also applied to the proximal 5-mm vessel segment of the untreated LAD or CX, where a stent was placed over the distal LM bifurcation.
IVUS Imaging
IVUS was performed with a 2.9F, 40-MHz or a 3.2F, 30-MHz single-element mechanical transducer (Boston Scientific, Natick, Mass). After intracoronary injection of 2 mg of isosorbide dinitrate, the IVUS catheter was positioned at least 1 cm distal to the stent in the LMCA; for patients with bifurcation stenting, a sufficiently distal starting point in LAD or CX was chosen. IVUS images were recorded after initiation of automated pullback at 0.5 mm/s. In case of bifurcation stenting, only 1 of the 2 major branches, preferentially the LAD, was investigated. IVUS images of the entire pullback were recorded on both S-VHS videotape and CD-ROM for offline analysis.
IVUS Analysis
In our institution, all IVUS pullbacks are retrospectively gated with a program that selects images recorded in the end-diastolic phase. 12 Two experienced observers, blinded to the angiography and MSCT results, analyzed and reviewed the IVUS image data sets using an offline semiautomated software package (Curad, version 3.1, Wijk bij Duurstede, the Netherlands). 13 The stented portion of the LMCA, including the stented parts of the side branches, was evaluated for the presence of NIH. For each of the 3 coronary segments (ie, stented part of LM, LAD, and CX), the following IVUS parameters were measured: (1) minimal lumen cross-sectional area (CSA, mm 2 ), (2) mean stent CSA (mm 2 ), (3) minimal lumen diameter (mm), (4) mean stent diameter (mm), and (5) maximal NIH thickness (mm). Similar to the MSCT measurements, stent area and diameter at the proximal and distal stent edges and at the ostium of LAD or CX were determined. The percent diameter and area stenosis were comparable to MSCT determined in cross sections with maximal in-stent lumen obstruction.
Statistical Analysis
Continuous variables are presented as meanϮSD or median with 25% and 75% interquartile ranges. Categorical variables are presented as counts and percentages. Continuous variables were compared by Student t test for normally distributed values; otherwise the Mann-Whitney U test was used. All tests were 2-tailed, and a probability value of Ͻ0.05 was considered significant. Accuracy (percentage of patients correctly classified), sensitivity, specificity, and positive and negative predictive values of MSCT for the detection of Ն50% ISR, as determined by quantitative coronary angiography, was calculated on a per-patient basis. Diagnostic test results are reported with associated 95% CIs based on binomial probabilities. Quantitative IVUS and MSCT data were correlated by means of Bland-Altman and linear regression analysis and by calculating the Pearson correlation coefficient. 14 Mean values were compared with the 2-tailed t test. The degree of agreement between IVUS and MSCT was also measured by the -statistic and expressed as a function of NIH thickness, as determined by IVUS. The intraobserver and interobserver variability for the detection of ISR and NIH was determined with the -statistic. Statistical analysis was performed with SPSS, version 12.1 (SPSS Inc, Chicago, Ill). The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Seventeen of the 91 potentially eligible patients (ie, those scheduled for conventional angiography during the inclusion period) had exclusion criteria as outlined in Table 1 ; 4 of the 74 patients included had a technically inadequate scan. One of those 4 patients had ISR on conventional angiography. The remaining 70 patients constitute the study population. The baseline clinical characteristics of these patients are summarized in Table 2 . The median interval between stent placement and computed tomography (CT) imaging was 259 days (range 89 to 758 days), and the average interval between MSCT and conventional coronary angiography (CCA) was 14Ϯ16 days. Mean basal heart rate was 68Ϯ10 bpm; 49 patients (70%) received additional ␤-blockers, which resulted in a mean periscan heart rate of 57Ϯ7 bpm. Mean scan time with the 64-row detector MSCT (nϭ43, 11.1Ϯ1.2 seconds) was significantly (PϽ0.001) shorter than with the 16-row detector MSCT (nϭ27, 15.9Ϯ1.5 seconds). Table 3 presents the anatomic characteristics of the lesions treated and the procedural details of the index interventions.
Anatomic Characteristics and Procedural Details of Index Interventions
The vast majority of patients (83%, 58/70) underwent PCI of unprotected LM stem lesions, and DES were used in all but 3 patients (96%). Two groups of patients were defined, according to the characteristics of the PCI procedure. The first group (nϭ46) was defined as a "simple stenting group" and comprised patients in whom single or overlapping stents were implanted in the LM stem alone (nϭ14) or in whom they extended from the LM stem into only the LAD or the CX (nϭ32). The second group was defined as a "complex bifurcation stenting group" and comprised patients in whom the LM stem and both the LAD and CX were stented (nϭ24). Further details are presented in Table 3 .
Overall MSCT Results
The diagnostic accuracy of MSCT is summarized in Table 4 . On the basis of conventional angiography, ISR occurred in 14% of the patients (10/70). In the overall population, MSCT identified all patients with restenosis and correctly classified 55 patients as having no ISR (Figures 1 and 2 ). In the group of patients (nϭ46) in whom simple stenting was performed, only 1 patient was incorrectly scored (false-positive) on MSCT. By contrast, in the complex bifurcation stenting group (nϭ24), 4 patients who did not have restenosis were scored as having ISR on MSCT. In 3 of the 5 false-positive 
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scans, stent-related high-density artifacts at the level of the CX ostium, due to the complex stenting strategy used, precluded correct assessment of the lumen within the stent. Three false-positives occurred among those evaluated with the 16-slice scanner; the other 2 occurred with the 64-slice scanner. Numbers were too small to support a statistical comparison among the 2 scanner types. The characteristics of the patients with restenosis and the 5 patients with a false-positive scan are reported in Table 5 . Seven of the 10 patients presented with restenosis in the ostium of the CX or intermediate branch. Three patients were revascularized; 2 underwent re-PCI, and the third patient underwent CABG. Ten patients presented with 11 de novo lesions in a previously untreated vessel segment, which required revascularization by PCI in 2 patients. All 11 lesions were correctly identified on MSCT; overestimation of lesion severity by MSCT occurred in 2 additional calcified lesions. In 12 patients, the presence of nonsignificant (Ͻ50% stenosis) NIH in the LM (nϭ5), LAD (nϭ5), and CX (nϭ2) on diagnostic coronary angiography was correctly classified as nonobstructive on MSCT (Figure 3) .
Quantitative Coronary Angiography, IVUS, and MSCT
Quantitative coronary angiography (QCA) and IVUS data are shown in Table 6 . The reference diameter and minimal lumen diameter of the patients who were wrongly classified did not differ from those who were correctly analyzed by MSCT (data not shown). Fifty-six nonconsecutive patients (90 segments) had technically adequate IVUS examinations. NIH was present in 31 patients (38 segments). On the basis of a -value Ͼ0.8, which indicates very good agreement between the 2 imaging techniques, ie, MSCT and IVUS, a cutoff value of 1 mm was identified in which NIH could be identified with good confidence by MSCT (Figure 4) . This corresponded to a 30% diameter obstruction as determined by QCA.
Quantitative IVUS and MSCT stent data were available for comparison in 50 patients (Figures 5 and 6 ). The mean stent 
Observer Variability
To assess internal validity, all MSCT data sets were analyzed twice by 2 observers. Interobserver agreement for the detection of ISR or NIH was good to moderate (-value of 0.74 and 0.6, respectively), whereas intraobserver agreement was very good in both situations (-value 0.82).
Discussion
Stent implantation in the LM and proximal LAD/CX provides the "best case scenario" for the use of MSCT in the detection of ISR for several reasons. First, stents implanted in the LM and proximal LAD/CX are relatively large; second, the LM and proximal LAD are usually running in an axial plane that corresponds to the scan direction, whereas the proximal CX generally runs in a slightly less favorable craniocaudal longitudinal plane; finally, this part of the coronary tree is relatively protected from motion artifact.
Recent technical improvements, including improved z-resolution, faster tube rotation, and the development of dedicated filters for image reconstruction in the presence of stents, have also significantly improved the potential of MSCT to assess coronary stent patency. Furthermore, preliminary experience with 16-detector-row CT scanners showed promise for the evaluation of stents in the LMCA. 4, 15 The present study demonstrates that evaluation of stent patency in the LMCA is feasible with 16-slice and the latest 64-slice MSCT scanners. The technique is reliable (accuracy of 98%) for the evaluation of patients with stenting of the LM and for those patients with distal LM bifurcation lesions, in whom only 1 of the major branch vessels (ie, the LAD or the CX) is stented. However, in patients who required complex bifurcation stenting, ie, treatment of the LM and both major side branches, reliability was significantly less (accuracy of 83%). The most obvious explanation is the large quantity of metal, involving up to 3 layers of struts for crush bifurcation stenting, at and around the ostium of the branch vessels, which is a major source of artifact on MCST.
A few studies reported reasonable accuracy of MSCT to quantify the degree of coronary artery stenosis in untreated coronary arteries. 16, 17 The present study reports on the quantification of stent dimensions and the amount of lumen narrowing within LMCA stents. Quantitative assessment by MSCT of stent diameter and area showed good correlation with IVUS. Not unexpectedly, metal-related artifacts, referred to as "blooming" effect, impair optimal visualization of the stent lumen and thus accurate quantification of lumen narrowing within the stent, especially for minor to moderate degrees of NIH. Nevertheless, NIH of Ͼ1 mm thickness is recognized with sufficient sensitivity to allow the detection of clinically relevant restenosis in patients after LMCA stenting.
LMCA stent implantation traditionally represented a relatively small proportion of PCIs. Until recently, more widespread applicability of this revascularization modality had been hampered by the high occurrence of ISR. 9, 18, 19 The advent of the DES has both significantly reduced restenosis rates and improved long-term clinical outcome; this has already resulted in an increasing proportion of patients with LM disease being treated percutaneously. 6, 7 However, restenosis still occurs and when located in the LMCA may cause severe myocardial ischemia with potentially fatal consequences. 19, 20 A noninvasive method for its detection, before clinical events occur, would be of major clinical value. The results of the present study indicate that current MSCT scanners may provide a reliable alternative to CCA. The low number of false-positive scans that lead to "unnecessary" diagnostic coronary angiograms should be acceptable in the light of the potential serious consequences of LM ISR. 
Limitations of the Study
The use of 2 different MSCT scanners in the present study might be criticized; however, the spatial resolution of the 16-and 64-slice scanners in the x-and y-axes has remained identical (0.4 mm), and only the resolution in the z-axis has improved with the 64-slice scanner. Because the LM and proximal LAD generally course in an axial plane, only the resolution in the x-and y-axes plays a major role in the high-resolution visualization of these segments. The rather high radiation dose of MSCT is a general limitation of the technique; however, new developments, such as the recent introduction of dual-source CT scanners, systematically allow the use of ECG pulsing, thereby significantly reducing patient dose. On the other hand, many physicians underestimate the radiation exposure of widely accepted imaging techniques such as CCA or technetium sestamibi scans that produce a dose as high as 5 or 20 mSv, respectively. 21, 22 The rather low positive predictive value (67%) is related to the low prevalence of ISR in patients treated with DES and reflects the limitations of current CT technology. New technical advances, such as the development of flat panel detectors and the general trend in interventional cardiology to use stents with thinner struts, will be beneficial for CT imaging of stents and reduce the number of false-positive scans.
The present study was limited by the relatively low number of patients with complex bifurcation stenting, because this group importantly affects the reported diagnostic accuracy data. Nonetheless, it is unlikely that this proportion will increase in the near future given the tendency to treat bifurcation lesions through a simpler approach and to use a second stent toward the side branch only when strictly necessary. 23 Finally, only 2 stent types with similar strut dimensions were used in the present study. These results do not necessarily apply to different stent types, because parameters such as strut thickness and stent design importantly influence the amount of blooming effect and thus assessability of the lumen inside.
Conclusions
In combination with optimal heart rate control, current MSCT technology allows reliable noninvasive evaluation of selected patients after LMCA stenting. A negative MSCT scan virtually rules out the presence of LM ISR and may therefore be an acceptable first-line alternative to CCA.
